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Over the years, the National Renewable Energy Laboratory’s National Wind Technology
Center (NWTC) has created a suite of design and analysis software tools for horizontal-axis
wind turbines. The suite includes aeroelastic turbine simulators of various complexity, tur-
bulent wind simulators, tools to aid in the design of control systems, pre- and post-
processing tools, and scripts to automate the running of simulations. A major goal of the
NWTC staff in recent years has been to automate the flow of data between the programs to
reduce the time and effort required to generate loads documents for type certification. The
interoperability of the tools has been improved, and several codes have received significant
upgrades in functionality, performance, and usability. This paper describes how the codes
work together, lists recent improvements, and discusses proposed enhancements.

I. INTRODUCTION

Researchers at the National Wind Technology Center (NWTC) of the National Renewable Energy Laboratory
(NREL) have developed a comprehensive suite of software tools to aid in the design of horizontal-axis wind
turbines (HAWTS) and to process simulation predictions and test data. Some of the programs developed by NWTC
engineers many years ago now require updates to aid in maintenance and ease of use. Of the feedback the
laboratory has received about the codes, the most common suggestion is that the users would like the codes to work
together better. Although some of the programs require similar kinds of information as others in the suite, they
sometimes required the information in different formats. When engineers switch tools, converting the information
from one format to another wastes valuable time. Not only did the programs require the data in different formats,
but also the formats of the input files varied. With these weaknesses in mind, engineers at the NWTC have put
much effort into making their codes more compatible. Some of the codes now share their input files with other
programs, and those that must be different share a similar look.

Our code suite includes:

e Programs that simulate the aeroelastic response and performance of HAWTS

o Codes that are used to prepare data files needed by the simulators, analyze the results of the simulators, and

analyze test data
o Utility programs that automate the execution of series of simulations. This eliminates the tedious and
mistake-prone requirement of manually editing input files and renaming output files for all the cases.

Brief descriptions of the various codes follow, and an overview of how the codes interrelate is shown in Figure
1. Detailed descriptions of the various codes are available on the NWTC Design Codes web site.™ Program
archives on the web site include source code, executables (when appropriate), and sample input and output files.
All the programs are in the public domain—anyone may use excerpts of our source code in her or his own
programs.

* Sr. Engineer, National Wind Technology Center, 1617 Cole Blvd./3811, AIAA Member.
T All the codes on our web server are freely available to all, but we only have time to support our partners.
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Figure 1. A overview of the design process using the NWTC Code Suite.

A. FoilCheck

Il. PREPROCESSORS

We use several programs to create input files for our aeroelastic and performance simulators. One of these pre-
processors is FoilCheck,? which helps generate airfoil tables. FoilCheck is a simple Fortran program that includes
the abilities to expand the airfoil tables via the Viterna® method and to compute the dynamic stall parameters needed
by AeroDyn.*’ AirfoilPrep includes all FoilCheck’s features and can modify the airfoil tables for rotational
augmentation and interpolate airfoil tables for additional blade stations.

B. AirfoilPrep

Craig Hansen of Windward Engineering recently created a useful spreadsheet called AirfoilPrep,® which is a
superset of FoilCheck. If you know the airfoil properties for a limited number of blade stations, it can interpolate
It can also apply the same rotational augmentation

the aerodynamic coefficients for other span locations.

corrections for 3-D delayed stall that are used by AeroDyn.




C. IECWind and WindMaker
IECWind® and WindMaker™ generate files that contain the time histories of the International Electrotechnical
Commission (IEC) extreme-wind events."* IECWind has a simple batch interface; WindMaker has a graphical user
interface.

D. SNLWIND-3D, SNwind, and TurbSim

Engineers can use SNLWIND-3D,* SNwind,*** and TurbSim™® to generate stochastic, full-field or hub-
height turbulence files that can be used by Garrad Hassan’s BLADED'"*® and all our AeroDyn-based aeroelastic
codes.

Our next-generation wind simulator, TurbSim, is a major rewrite of SNwind and SNLWIND-3D. To drive the
tower aerodynamics of AeroDyn, TurbSim has the option to add a line of tower grid points. Other features include
coherent wind structures, wind-direction shear, improved algorithms that allow much denser grids, a choice of
pseudo-random-number generators, and greater flexibility in grid layout. The streamlined algorithms have dramati-
cally reduced the memory requirements and execution times. Grids are no longer limited to squares of even num-
bers. They can now be rectangular and may have an odd number of points, which permits a grid point to be
centered on the hub. TurbSim also includes spectral models that are valid to much greater heights, as is necessary
for today’s gigantic wind turbines.

In 2005, we intend to analyze test data from our long-term atmospheric tests in Lamar, Colorado to develop new
custom spectra for TurbSim that are suitable for use in the Great Plains. We also hope to use data from the tall tow-
ers there to refine spectra for higher elevations. Another planned improvement is to update TurbSim to conform to
the upcoming third edition of the IEC standards™* for wind-turbine design.

E. BModes
We are working on BModes, a new finite element structural code that uses distributed blade mass and stiffness
properties to generate mode shapes that couple the flap, lag, and torsional modes. The properties can come from
PreComp, test data, or other sources. The mode shapes are compatible with FAST %%

F. PreComp
Another new program under development, PreComp, uses the external shape of blades, material properties, and
composite lay-up to generate the distributed blade mass and stiffness properties, which can be used by various
aeroelastic codes and BModes.

Il. SIMULATORS
We have some codes that simulate the performance of rotors and others that simulate the aeroelastic response of
entire wind turbines.

A. WT Perf

WT_Perf?»# yses blade-element/momentum (BEM) theory to model the steady, rotor performance of HAWTS.
It is simple to use and extremely fast. It has the option to apply tip or hub losses via Prandtl’s method®®. The user
can enable or disable the effects of tangential induction. The drag terms may be included in the induction equations.
Users can choose either the classical brake-state induction calculation or the advanced brake-state calculation,
which allows use of Gauert’s empirical relationship for high induction factors. For the advanced brake state, the
user can choose the traditional PROP-PC algorithm or the PROPX?* algorithm, which is similar to the AeroDyn
algorithm. The two algorithms give slightly different results. Although we are uncertain of its accuracy, there is an
option to enable skewed-wake corrections for off-axis flow. The algorithm came from AeroDyn. WT_Perf can
generate performance data for all combinations of parametrically varied wind speed (or tip-speed ratio), blade pitch,
and rotor speed. WT_Perf’s airfoil tables are the same as those used by AeroDyn.



We completely rewrote and modernized WT_Perf in FY2004. To simplify support and maintenance, we moved
routines commonly used by WT_Perf and many of our other codes to a separate library called the NWTC
Subroutine Library.® We enhanced the dataflow between it and AeroDyn to reduce the time required to build
models and lessen the chances of errors. Choices of induction algorithms, skewed-wake corrections, variable
segment lengths, Reynolds Number (Re) variation, and new ways of specifying turbine states have improved the
accuracy and usability of the simulator.

In FY2005, we would like to add a GDW algorithm to WT_Perf. One problem with BEM theory is that it is not
valid for off-axis flow. Although we have added a skewed-wake correction to the BEM algorithm in WT_Perf, we
question its accuracy. We need to be able to accurately predict the power of turbines with off-axis flow because tur-
bines often operate with a yaw error, manufacturers commonly use shaft tilt to improve tower clearance in HAWTS,
and sloped terrain can produce a vertical wind component. The current version of WT_Perf has inputs for yaw
error and shaft tilt, but not for vertical wind components. We will probably add capability for the latter once we
have a trustworthy skewed-wake correction.

Engineers often find that their HAWT performance predictions disagree with test data, so they tune the airfoil
characteristics to the data. This tuning can be time-consuming and tedious. Beyond FY2005, we may add an auto-
mated tuning capability to WT_Perf. Such an approach can be fraught with danger in that tuning properties to mini-
mize the difference from test data for one parameter or set of parameters can increase the differences for other pa-
rameters. Creating a useful weighted cost function may be more art than science.

If we add an optimization algorithm to WT_Perf, we may also use it to make initial designs for optimized
blades. Once again, defining optimal may be the most difficult part of the task. Optimizing a rotor for maximum
performance does not necessarily create a turbine with the lowest cost of energy. Instead of doing a purely
aerodynamic optimization, we will most likely have to add structural considerations to the optimization. It may also
be difficult to find realistic constraints for the optimization scheme. Without reasonable constraints, an optimizer
may produce truly bizarre blades.

We may also add the lifting-surface/prescribed-wake algorithm used in Kocurek’s Lifting Surface Wind Turbine
(LSWT) program to WT_Perf because WT_Perf is more compatible than LSWT with the rest of our code suite.
However, the effort may be too great. We will have to investigate it further before we can decide if it is worth the
effort.

We may add new models for tip losses. Some researchers use the Goldstein method,?® and AeroDyn now has
the option to use the tip-loss model developed by Georgia Institute of Technology.?” However, that model appears
to apply only to the turbine used in Phase VI of NREL’s Unsteady Aerodynamics Experiment (UAE).?®

B. LSWT
David Kocurek of Computational Methodology Associates developed LSWT? for the NWTC during the 1980s.
This prescribed-wake code can model the trailing vorticity distribution of the wake. This model includes tip, root,
and midspan trailing vorticity. LSWT is understandably more difficult to use than WT_Perf and execution times are
much longer, but it does a superior job of predicting angle-of-attack distributions in the stall and post-stall regions.*
We will continue to compare LSWT predictions to data from the UAE Ames wind-tunnel test.*> We hope to use
these studies to gain a better understanding of stall physics. We would like to add the capability to model tip wing-
lets. We have also noticed some numerical problems associated with the number of spanwise and chordwise panels

used in the analysis.

C. AeroDyn
AeroDyn*’ is a library of subroutines that can be linked with a structural code to provide the lift, drag, and
pitching-moment forces at the blade or tower nodes. Windward Engineering developed most of the routines under
contract to the NWTC. AeroDyn currently works with YawDyn,*>® FAST, and ADAMS.~*** To calculate the in-
duced velocities, AeroDyn has two options: the PROPX-style BEM theory and a generalized dynamic wake (GDW)
that uses Peters and HaQuang’s method. The BEM induction can optionally include tip and hub losses based on
Prandtl’s work as described by Glauert.*®* AeroDyn also has an option to use dynamic stall based on the work of

*ADAMS is a commercial program produced by MSC.Software.



Leishman and Beddoes.*” AeroDyn can excite the rotor structure with steady or turbulent, sheared, hub-height
winds, or by using full-field stochastic winds such as those generated by TurbSim. SNwind and TurbSim can also
generate stochastic hub-height winds for AeroDyn. Users can also write their own wind routines to read special-
format wind files or to create analytical winds. For example, we used this feature to model a Rankine vortex with
varied parameters such as radius and circulation strength.*°

In FY2004, Windward Engineering and engineers at the NWTC modified AeroDyn to compute tower aerody-
namics. Windward also added an upwind tower wake and automatic switching between the GDW algorithm and
the BEM algorithm for low wind speeds. We have also added rotational augmentation corrections for 3-D delayed
stall. The corrections are for both lift and drag. It uses the Du method** to augment the lift and the Eggers method*?
for the drag. Another significant change is the ability to add coherent wind structures on top of normal background
turbulence. We also recently produced a theory manual for AeroDyn.

In FY2005, we plan to significantly rewrite AeroDyn. In addition to modifying it to use the NWTC Subroutine
Library, we hope to simplify the interface to the various structural codes that call AeroDyn. We are enlisting help
from Davis Peters at the University of Washington to help us replace the linear GDW model with the newer, non-
linear model.** This will include at least 33 flow states and Cheng Jian He’s correction for the vortex ring state.
This should eliminate the instability problems the old GDW model had at low wind speeds. We will also add the
new format of airfoil tables that we developed for WT_Perf. This new format removes the restriction that all the
tables for different Re values use the same angle-of-attack list. We will also make minor changes to the main
AeroDyn input file so that inputting option flags and strings is similar to the rest of our code suite.

Other plans are to continue our comparisons of AeroDyn to data from the Ames 80 x 120 wind-tunnel test of the
UAE turbine.** We may also do some comparisons to computational fluid dynamics (CFD) predictions.

Longer term, we may add vortex-filament/free-wake algorithms and prescribed-wake algorithms to AeroDyn.
We will also continue our comparisons to the UAE wind-tunnel test data and to CFD predictions.

D. YawDyn
YawDyn,**® also developed by the engineers at Windward Engineering, is our simplest HAWT-specific
aeroelastic simulator. It can model two- or three-bladed turbines with up to four degrees of freedom (DOFs). Two-
bladed turbines can have yaw and teeter DOFs. Three-bladed turbines can have a yaw DOF and one flap DOF for
each blade. YawDyn is typically an order of magnitude faster than real time, and easier to use than our other aeroe-
lastic simulators. It uses the AeroDyn subroutine library for its aerodynamic calculations.

E. FAST

Our workhorse aeroelastic simulator, called FAS usually runs several times faster than real time on current
PCs. This medium-complexity, HAWT-specific, turbine simulator uses up to 18 DOFs, and includes flexible blades
and a flexible tower. FAST uses modal representation to model the flexibility. It has a linearization feature that
generates state-space matrices that one can use to design control systems or to perform full-system model analysis.
It can even be called as a plant model from Simulink (an add-in for The Mathworks' MATLAB*). FAST can be
used as a preprocessor to generate input files to model HAWTs with the ADAMS general-purpose, multibody-
dynamics code.

In FY2004, we enhanced FAST to include furling DOFs and tail fin aerodynamics that enable the modeling of
most small wind turbines. The furling DOFs take the form of hinges between the tower and rotor and between the
tower and tail. Users can specify the location and orientation of the hinges. The FAST-to-ADAMS preprocessor,
linearization, and the interface to Bladed-style DLL master controllers are also fairly new features. We recently in-
terfaced FAST to Simulink for streamlined controls design and improved the interface between FAST and typical
controls routines. Included in that is the ability to control the yaw position. To help in the understanding of wind-
turbine noise, FAST now includes semi-empirical aeroacoustic calculations.*

We plan to add tower and nacelle aerodynamics to FAST in FY2005. We are also adding a six-DOF foundation
that can model standard foundations, earthquake loading, and offshore foundations with wave loading. Instead of
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*MATLAB is a commercial program developed by The Mathworks.



two flap DOFs and one edge DOF, FAST will have four coupled DOFs per blade. Users can select any
combination of flap, edge, or torsional DOFs. We also plan to add a tower-torsion DOF.

We are doing some experimental work with noise predictions, and hope to upgrade the noise prediction capabili-
ties now in FAST.* We are investigating a new algorithm for predicting noise caused by turbulent inflow. We are
also using XFOIL* to study boundary-layer thickness predictions and we are studying turbulence length scales.

We have big plans for long-term FAST development. We plan to add two shaft-bending DOFs, guy wires, and
the ability to specify counterclockwise rotation in addition to the current clockwise-only rotation. Although FAST
can currently generate ADAMS models for turbines with blade precurve and presweep, we plan to add the ability to
model such blades directly in FAST. To make FAST more user friendly, we hope to be able to generate animations
of simulations and mode shapes. We plan to add multi-blade coordinate transformations to eliminate the periodicity
in the linearization for three-bladed turbines.

Small wind turbines have such a wide variation in rotational speed that we need to be able to adjust the integra-
tion time step so that we do not waste time at slow rotor speeds, but still have accurate results at high speeds. We
will investigate available variable-step integration schemes to solve this problem.

Currently, we require users to use an external program to generate mode shapes for the blades and tower. We
hope to include that code within FAST in the future to eliminate that extra step. It will also allow FAST to recom-
pute the mode shapes whenever the blade pitch or rotor speed changes significantly.

F. ADAMS2AD
ADAMS2AD®*® is a library of routines that allow ADAMS"® to call AeroDyn routines when modeling
HAWTSs. When using ADAMS with AeroDyn, users must compile ADAMS2AD and AeroDyn to a dynamic-link
library, which is then called from ADAMS. Being a general-purpose code with virtually unlimited DOFs (it can
also model robots and cars), ADAMS is significantly slower than FAST, but is more versatile. FAST is limited to
most standard types of HAWTS, but ADAMS with AeroDyn can model virtually any kind of HAWT.

G. RCAS

Although we do not distribute it on our web site, we also use RCAS (Rotorcraft Comprehensive Analysis Sys-
tem), which comes from the U.S. Army’s Aeroflightdynamics Directorate (AFDD). AFDD and Advanced
Rotorcraft Technology (ART) developed RCAS to model rotorcraft, but we have tested it thoroughly*** and found
it to be a useful tool for modeling wind turbines. RCAS is a general-purpose code much like ADAMS, but it uses
finite elements instead of a lumped-mass approach to model flexible structures. Unlike ADAMS, it has its own
rotor aerodynamics models and users have a wide selection of algorithms from simple BEM to CFD. Like FAST
and unlike ADAMS, it has built-in capability to linearize rotating structures to create state-space matrices. It also
has built-in stability analysis capability. We are currently testing this feature.

As larger turbines are built, there is some concern that they may become aeroelastically unstable. In FY2005,
we plan to develop an RCAS model of a multi-megawatt wind turbine with curved blades to establish the stability
boundaries.

Longer term, we plan to continue our studies of aeroelastic stability by exploring its boundaries with RCAS.
We also plan to identify turbine-specific scaling parameters that influence diverse instabilities. We also hope to
understand the couplings underlying instabilities and adverse dynamic loads. Afterward, we plan to create a list of
suggested design guidelines for aeroelastic stability.

H. Advanced Codes
The Sandia National Laboratories and NREL have subcontracts with researchers in private industry and acade-
mia for new codes that use advanced aerodynamic models. Gordon Leishman is working on a free-vortex wake
method at the University of Maryland.®*>® For the very long term, several groups are also studying CFD.



IV. POSTPROCESSORS

A. Crunch and CombEEv

Our most popular postprocessing tool, Crunch,>**®

is a batch-style analysis program. An input file specifies

which of many types of analyses to do and a list of files to analyze. Users can process multiple files individually or
as a single aggregated file. Table 1 lists the primary capabilities of Crunch.

Because the current version of Crunch cannot handle multiple files
with different lengths, separate Crunch runs must be used for groups
of files of the same length. This causes a problem when a user wants
to tabulate the extreme events for all the test or simulation data. For
instance, discrete IEC extreme-wind events are only a few seconds
long, but IEC normal-turbulence-model (NTM) runs usually last for
10 minutes. One Crunch run can process all the discrete events and
another can process all the long turbulence simulations. We wrote a
Perl script called CombEEv,***” which will find the global extremes
from multiple extreme-event tables and generate a single table.

In FY2005, we intend to improve the user interface of Crunch to
add more information to output files and new checks for data validity.
We intend to augment the rainflow cycle counting to generate
damage-equivalent loads. Users have asked us to add geometric
correction factors to the load-rose calculations and partial safety
factors to extreme loads. To enhance the power of the calculated
channels, we will add a logical IF function similar to those used in
spreadsheets. Because some calculations require a time column and
because not all data files have one, we will add a feature that
engineers can use to generate one.

B. GPP

Table 1. Crunch features.

Scales and offsets

Peak fitting

Low-, high-, band-pass IIR filtering
Calculated channels
Moving averages

Load roses

Azimuth averages

Crosstalk removal
Peak/trough listing
Probability mass

Rainflow cycle counting
Extreme-event tabulation
Extreme-value extrapolation
Statistics

Summary files

GPP>** is our oldest postprocessor. Unlike Crunch, it is an interactive program. That makes it useful for read-
ing in a data set and manipulating or analyzing the data in many ways, but less useful for processing a large number
of files. GPP and Crunch have many common features, but each program has capabilities the other does not. We
are gradually adding GPP features to Crunch, but not the reverse. GPP is essentially static and its only changes now

are bug fixes. Table 2 lists the primary capabilities of GPP.

C. GenStats
Crunch started out as a much simpler program called GenStats.
As its name would suggest, GenStats only generates statistics. We
still use it because it does not require all files to be the same length, as
Crunch does. We hope to remove that restriction in Crunch, so we
may eventually remove GenStats from our code suite.
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V. UTILITIES

A. RunlEC, RunNTM, and CondorNTM
We wrote some Perl scripts to automate running large numbers of
simulations. The first is called RunlEC,**®® which will run FAST for
each IEC extreme-wind event. The output files are each given names

Table 2. GPP features.

Azimuth averaging
Binning

Interpolation

LSQ fit

Probability mass

PSDs

Rainflow cycle counting
Statistics

Filtering

Data-record limiting
Row trimming

Column trimming
Multi-file merging
Calculated channels
Units conversion
Generate time columns



that reflect the cases being run. This automation of a tedious task reduces the chance of errors.

Similarly, RunNTM®® runs a series of TurbSim and FAST simulations to process a large number of IEC NTM
cases. A user can specify a series of wind speeds, turbulence categories, a starting random seed, and a seed incre-
ment, and RunNTM will run all the cases. Running a series of 20 wind speeds with 10 random cases each would be
a daunting task without a script such as RunNTM to automate it. Output file names include the input parameters
that defined the runs.

Running many turbulence simulations can take a lot of time on a single PC. We once had a research project
where we needed to simulate an entire year of turbine operation. This project would not have been possible if we
had had to resort to serial processing on one (or even a few) PCs. We leveraged the NWTC’s investment in com-
puters by enlisting all our newer computers for the task. We used a freeware program called Condor®® from the
University of Wisconsin. We modified the RunNTM script to submit simulation jobs to our pool of computers,
which ran the simulations during their idle time. With a couple dozen processors running nearly around the clock, a
project that would have taken more than a year on a single PC took only a few weeks. We offer on our web server
an example script called CondorNTM®” and a set of files to work with it that will submit NTM simulations to a
Condor pool to run them in parallel instead of sequentially.

B. NWTC Subroutine Library

To reduce maintenance and development costs and leverage the investment in making input files more compati-
ble, the NWTC has developed a library of standard routines, the NWTC Subroutine Library. Linking different
programs with this library obviates the need to reproduce the logic that is common to many of our codes.

Historically, many of our programs used collections of routines that were of general use, but each had its own
copy and subset. Occasionally, we would find better ways to perform some of these tasks and would have to update
all the programs that used those routines. By keeping a single set of routines in a central location, we have reduced
our workload.

The files in the library include some routines that are compiler independent and some that we designed to work
with a specific compiler. All compiler-specific logic and global data are stored in separate files. This makes it rela-
tively easy to port our programs from one compiler or operating system to another. We have striven to eliminate all
system-specific logic and data from the file collections of the individual codes to reduce the effort to port them. As
of this writing, we include only logic and global variables in the library for the Visual Fortran family of Fortran
compilers for the Windows operating system.
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